Nutrient limitation of oceanic primary production exerts a fundamental control on marine food webs and the flux of carbon into the deep ocean 1 . The extensive boundaries of the oligotrophic sub-tropical gyres collectively define the most extreme transition in ocean productivity, but little is known about nutrient limitation in these zones [1] [2] [3][4] . Here we present the results of full-factorial nutrient amendment experiments conducted at the eastern boundary of the South Atlantic gyre. We find extensive regions in which the addition of nitrogen or iron individually resulted in no significant phytoplankton growth over 48 hours. However, the addition of both nitrogen and iron increased concentrations of chlorophyll a by up to approximately 40-fold, led to diatom proliferation, and reduced community diversity. Once nitrogen-iron co-limitation had been alleviated, the addition of cobalt or cobalt-containing vitamin B 12 could further enhance chlorophyll a yields by up to threefold. Our results suggest that nitrogen-iron co-limitation is pervasive in the ocean, with other micronutrients also approaching co-deficiency. Such multi-nutrient limitations potentially increase phytoplankton community diversity.
. Characterization, and even definition, of nutrient co-limitation can be complex [7] [8] [9] (Supplementary Discussion). However, the simplest case corresponds to two strictly essential nutrients (for example, N and Fe) being concurrently drawn down to levels at which only the supply of both in combination results in a biomass growth response. Such 'simultaneous co-limitation' occupies a midpoint in the resource ratio space relative to single limitation and serial (or secondary) limitation 10, 11 , the latter representing the circumstance in which a second nutrient becomes limiting only after the addition of the first.
Considerations of such transitions in resource space remain largely theoretical 8, 10, 12, 13 , limiting our understanding of (co-)limitation in nature. An additional factor complicating widespread predictions of oceanic (co-)limitation relates to the reconciliation of operationally defined dissolved seawater nutrient concentrations with flexible phytoplankton demands 1 . When evaluated within an appropriate framework 1, 8 , the clearest means of demonstrating oceanic nutrient (co-)limitation patterns and the associated short-term ecophysiological responses to nutrient resupply are via direct testing in trace-metal-clean nutrient amendment bioassay experiments conducted with a factorial design. However, the logistical challenges associated with this approach have limited its applications to only a few studies using more than two nutrients 1 .
To resolve potential (co-)limitation of phytoplankton communities by the three nutrients identified as most deficient in the South Atlantic gyre 1 , we conducted 48 h-duration full-factorial N, Fe, and cobalt (Co) addition bioassay experiments throughout the southeast Atlantic. This region receives relatively little dust input and is host to a marked productivity transition between the eastern boundary Benguela upwelling regime, a globally important fishery, and the South Atlantic oligotrophic gyre 14 ( Fig. 1) . To elucidate the potential biochemical function of added Co, an additional N + Fe + Co-containing vitamin B 12 amendment was also conducted. Experiments were carried out on the German GEOTRACES cruise GA08, in December 2015 (Fig. 1a) , with surface seawater collected using a towed trace-metal-clean sampling system, and shipboard incubations performed in triplicate and interpreted relative to untreated controls and the initial biogeochemical characterization of ambient seawater. Phytoplankton responses to nutrient amendment were assessed via changes in chlorophyll a concentrations, flow cytometry cell counts of key phytoplankton groups, concentrations of diagnostic phytoplankton pigments, and nutrient-stress-specific active chlorophyll fluorescence measurements 15, 16 . Away from fully nutrient-replete coastal upwelling waters, bulk phytoplankton community responses demonstrated transitions between N and Fe single-, serial-, and co-limitation ( Fig. 1 and Extended Data Fig. 1) . Apart from at the coastal sites (experiments 1 and 11), chlorophyll a concentrations increased at two sites following amendment with N alone (experiments 3 and 4), three sites exhibited responses that were consistent with serial limitation by N and Fe (experiments 2, 5 and 6), and four experiments (experiments 7-10) showed increases that were only significant following amendment with N + Fe. Together, these results suggest a wide range of conditions at or approaching N-Fe co-limitation. At the clearly co-limited sites, the accumulation of larger cells (approximately greater than 2 μ m) occurred only after amendment with at least N + Fe (Fig. 2a and Extended Data Fig. 2 ). By contrast, average cell counts of the cyanobacteria Synechococcus and Prochlorococcus typically exhibited no changes or reductions following supply of N + Fe, suggesting that they were grazer-regulated and/or out-competed by the larger cells 17, 18 . However, magnitudes of cellular fluorescence, indicative of pigmentation per cell, generally increased with N or N + Fe amendment for the prokaryotes, suggesting physiological recovery from initial nutrient limitation despite limited biomass accumulation 17 ( Fig. 2b and Extended Data Figs 3-5). Responses to N + Fe amendment were most pronounced at the sites with strongest N-Fe co-limitation (experiments 8-10). Responses to the addition of N or Fe alone were not statistically significant at these locations, whereas chlorophyll a biomass increased to 21-38 times that of control samples in response to the addition of N + Fe (Fig. 1) . Although notable, the responses to N + Fe amendment in three of the experiments remained modest in comparison to N + Fe + Co or N + Fe + vitamin B 12 (2 nM added Co; 100 pM B 12 ), in which up to an additional two-to-threefold increase in chlorophyll a biomass was observed (experiments 7-9). Importantly, enhanced chlorophyll a resulted from higher phytoplankton abundances, rather than increased cellular pigmentation alone ( Fig. 2a and Extended Data Figs 2-5). Therefore, over large oceanographic extents there was a clear upper limit on potential biomass accumulation, for at least the larger-celled community (Fig. 2) , upon the supply of N + Fe relative to that achievable with an additional supply of Co or vitamin B 12 .
The delicate balance of N-Fe co-limitation was clear in the responses of the community-level physiological indicator, F v /F m (variable fluorescence/maximum fluorescence; Fig. 1 and Extended Data Fig. 6 ) 16 . Experiments 6 and 8-10 were at or approaching co-limitation and had increased initial F v /F m ratios, characteristic of either nutrient-replete, proximally N-limited, or N-Fe co-limited systems 16 . N amendment at these sites (alone or in combination with Co, but in the absence of Fe) resulted in significant reductions in F v /F m . Such reductions result from greater Fe stress 16 and match the responses observed at N-Fe co-limited sites in the equatorial Pacific Qualitative community-level biomass and F v /F m responses to N and/or Fe amendment were both predictable on the basis of observed seawater nutrient (dissolved N and Fe) concentrations, as illustrated on resource ratio plots 10, 11 ( Fig. 3a-c) . Despite the acknowledged complexity in phytoplankton responses to nutrient amendment (Supplementary Discussion), biomass accumulation could also be quantitatively reproduced using a relatively simple (semi-)empirical model that assumed a closed system, typical phytoplankton quotas, and minimizing or multiplicative forms of the Michaelis-Menten growth equation 8 ( Fig. 3d-f ). Both qualitative and quantitative categorization of (co-)limitation based on our experiments were also strongly related to the ratio of ambient N and Fe concentrations (Fig. 4a, b) . Transitions between differing single-, serial-and co-limitation for Fe, N and Co were therefore reconcilable with the large-scale biogeochemical gradients observed across thousands of kilometres of the surface ocean.
Our observations of widespread nutrient co-limitation suggest an interaction between the biogeochemical setting and the extant phytoplankton community. Simultaneous biological depletion of multiple nutrients provides a setting for co-limitation, and potentially drives a subsequent reinforcing biological response. All co-limited sites we identified were host to a diverse phytoplankton assemblage of both prokaryotes and eukaryotes ( Fig. 2 and Extended Data Fig. 8 ), and although more oligotrophic, generally had higher diversity than sites under single N limitation ( Fig. 1 and Extended Data Fig. 9 ). Enhanced diversity under resource co-limitation is predicted on the basis of increased niche dimensionality 11 and has been observed in both terrestrial and lake systems 19, 20 . Diverse communities are expected to tend towards community-level co-limitation because of differences Letter reSeArCH across, and plasticity within, taxa for their stoichiometric requirement for the shared limiting nutrients [11] [12] [13] . Reciprocally, environments in which multiple nutrients are simultaneously low favour diversity by encouraging a range of mechanisms for accessing each fraction of total nutrient pools 11 . For example, following near-complete exhaustion of inorganic N and the most accessible dissolved Fe species, specialist acquisition strategies allow for progressive use of different chemical forms of these nutrients, including organically bound pools or other physicochemical species. Therefore, alongside physical forcing 21 and top-down ecological control, gradients in heterogeneous nutrient pools at biogeochemical transitions 4 implicitly favour diversity and community nutrient co-limitation 12, 13 . Consistent with this hypothesis, experimental amendment with N + Fe, and more so N + Fe + Co (or vitamin B 12 ) significantly reduced diversity at the N-Fe co-limited sites ( Fig. 2a and Extended Data Fig. 9 ), presumably through reducing niche dimensions to those favouring diatoms 22 ( Fig. 2c and Extended Data Fig. 8 ).
The addition of multiple nutrients within N-limited gyre systems typically produces less pronounced chlorophyll a increases than we observed 15 . Strong niche exclusion of bloom-forming diatoms, tighter grazer control, and/or lower maximal growth rates of extant populations may suppress overall biomass increases upon nutrient amendment within these central gyre systems. By contrast, responses to N + Fe amendment closely resembled diatom responses to Fe-only amendment within N-replete (greater than 10 μ M) 23 proximally Fe-limited ocean systems 18, 23 , in which addition of Fe fulfils nutritional requirements (Fig. 3b) . Secondary chlorophyll a biomass responses to Co amendment have also been observed in some Fe-limited regions 1, 5 . Although probably system-dependent, our observations show that overall biomass responses can also be serially restricted by Co following the addition of N + Fe alone at the boundaries between N and Fe limited regions.
Like Fe, Co was relatively enriched in the ancient ocean in which early phytoplankton evolved 24 , potentially contributing to its obligate requirement in many extant taxa 2 27 . Our results support Co responses linked to both B 12 and B 12 -independent roles (compare experiments 5 and 10 in Fig. 1 ). However, statistically indistinguishable chlorophyll a responses and similar diagnostic pigment assemblages between N + Fe + Co and N + Fe + B 12 amendments in experiments 7-9 support a geographically more widespread vitamin B 12 role for the added Co within the most rapidly responding taxa. This suggests tighter coupling between Co availability and vitamin B 12 production in the South Atlantic relative to previous observations in the coastal Southern Ocean, where B 12 additions, but not Co, were stimulatory 6 . Disassembly of the supplied vitamin B 12 , resulting in purposeful or inadvertent Co liberation and subsequent incorporation into carbonic anhydrase, cannot be ruled out. However, contrasting responses between N + Fe + Co and N + Fe + vitamin B 12 in experiment 5 at least suggested that this was not always the case, because Co additions stimulated additional growth when added in combination with N + Fe, whereas B 12 did not. Therefore, although Co and vitamin B 12 availability clearly had a widespread effect on achievable biomass yield, resolving the biochemical function of added Co and extrapolating observations of such serial limitation to the in situ condition [8] [9] [10] remains difficult at this stage (Supplementary Discussion).
Large-scale ocean circulation and biogeochemical interactions set the conditions for spatial patterns of nutrient (co-)limitation in the ocean 1,28 . Sub-surface ratios of two nutrients, such as N and Fe, can therefore provide a useful index for position in N-Fe resource space 28 . Deep waters feeding major upwelling zones have a high N:Fe ratio, and phytoplankton growth depletes Fe before N. By contrast, surface waters in the cores of stratified gyre systems have a low N:Fe ratio, resulting from heavily restricted N resupply and, presumably, input of Fe from aerosols. Transitions between these regimes define a shift in resource ratio space (Figs 1b and 3a-c) , and therefore potential for N-Fe co-limitation. A previous study found an overlap of N and Fe stress biomarkers within Prochlorococcus ecotypes across a transition in N:Fe ratios in the Pacific 4 and our results suggest that, at the wholecommunity level, diversity in phytoplankton requirements and a range of acquisition strategies further broaden the co-limitation zone 8, 12, 13 . In contrast to sub-surface ratios that partly dictate relative supply 28 , assuming steady state, ratios of measured residual N and Fe concentrations in the surface ocean reflect the end point of biological uptake and hence the competition for these potentially limiting resources (Supplementary Discussion). The range of N:Fe ratios measured at experimentally determined co-limited sites therefore provides an empirical means for predicting N-Fe co-limitation at large spatial scales (Fig. 4a) . Surface nutrient fields from a complex global biogeochemical model 29 predict only around 2% of the surface ocean to fall within the stoichiometric range for N:Fe in which we found direct evidence for N-Fe co-limitation, with a further 12% predicted to be serially Letter reSeArCH limited and hence approaching co-limitation, mostly distributed in between upwelling and gyre regions (Fig. 4c) . By contrast, analysis of the available surface ocean N and Fe data suggests that co-limitation may actually be approximately fourfold more prevalent than these model predictions (Fig. 4c and Extended Data Fig. 10 ). Regions of co-limitation may therefore represent a key feature of low latitude oceans, which is under-represented in the global models we rely on for projecting the effect of climate change. The abrupt transitions between N and Fe limitation that occur within current models probably reflect the omission of sufficient diversity and physiological plasticity (for example, related to variable nutrient demands and acquisition traits) within simulated phytoplankton communities 30 . Nutrient inputs to the ocean are projected to change 1 . Modified aerosol inputs, altered stratification and wind stress, and the redox status of the upwelling regimes characterizing eastern boundary currents could all directly affect nutrient fluxes and stoichiometry at gyre margins 1 . We find that processes of co-limitation 8, 10 , by N and Fe as well as additional nutrients such as Co 6, 8, 26 , may be crucial in determining the responses of the phytoplankton community structure and productivity to such forcing, particularly at regional scales. Accordingly, recognition of multi-nutrient serial-or co-limitation 4,8,9 and better representation of the underlying processes within ocean models will lead to more realistic projections of feedbacks regulating climate and marine food webs.
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Data Availability All data from the current study are available from the corresponding author on reasonable request. Fig. 1a ). Background colour represents growth rate predicted using a minimizing Michaelis-Menten equation 8, 10 (darker green indicates higher growth rate). Concentrations at nutrientlimited sites generally follow a theoretical interspecific N-Fe trade-off curve 11, 12 . Dashed line indicates the theoretical transition from N to Fe limitation using assumed average phytoplankton quotas 1 . Solid lines define the envelope of N:Fe ratios in which we found simultaneous N-Fe co-limitation. Experiment 7 is classified here as serially Fe-N limited, given the physiological response to Fe supply (Fig. 1h) . The all-red dot represents nutrient concentrations measured at a high-N, Fe-limited experimental site in the equatorial Pacific, completing the N-Fe limitation sequence observed in the southeast Atlantic (Supplementary Table 1) . d-f, Simulated nutrient utilization with phytoplankton stimulation using assumed-average phytoplankton nutrient quotas, maximum growth rates (μ) of 2.5 per day, half-saturation concentrations (for growth) set to 0.25 μ M for N and scaled for Fe and Co using average quotas, and a factor of 150 to convert phytoplankton carbon to chlorophyll a. d, e, Example simulated drawdown and chlorophyll increases compared to measured chlorophyll a concentrations at 48 h (symbols represent individual bottle replicates, n = 3, and line indicates the range). f, Predicted versus measured growth for all experiment simulations using the same parameterizations. The dotted line indicates 1:1 and the solid line indicates the least squares linear regression (P value for two-tailed F test). 
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Data exclusions
Describe any data exclusions.
No data were excluded.
Replication
Describe whether the experimental findings were reliably reproduced.
As described in 'sample size', experimental nutrient treatments were conducted with triplicate replication. The nutrient amendment experiments were conducted at the highest spatial and temporal resolution possible during the oceanographic research cruise.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Incubation bottles for the nutrient amendment experiments were filled at random.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Investigators were not blinded to nutrient treatments.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
